We present a study of low-energy vibrations at the InSb(110) surface along the I'Y direction.
I. INTRODUCTION
Compound semiconductors with the zinc-blende structure are extensively studied because they are basic materials for technical applications.
Notwithstanding the large interest in this class of materials there are not many experimental data on the vibrational properties of their surfaces and these are mainly concentrated on the GaAs(110) surface as the prototype of nonpolar cleavage surface of III-V compounds.
Phonon dispersion curves on this surface have been mapped by means of He atom scattering '2 (HAS) and electron energy-loss spectroscopys'
(EELS) for the lower-and higher-energy parts of the phonon spectrum, respectively. Semiempirical models based on the tight-binding approach ' and bond charge model ' were used to de- scribe the interatomic force constants and the dynamical matrix, which gave substantial insight into the interpretation of the surface dynamics.
A preliminary study based on Car-Parrinello molecular dynamics gave consistent results for a few selected phonon modes; while a major step toward a full description of the surface vibrations was the recent application of the density functional perturbation theory (DFPT) to the calculation of GaAs(110) phonon dispersion curves. These first-principles calculations, based on density functional theory, have the great advantage of giving a united description of the structural, dynamical, and electronic properties of the system under study. In the case of GaAs(110) a substantial agreement of calculations with both experimental data and previous theoretical analysis was obtained. The method was shown to determine quite well the surface phonons, while a more detailed analysis was required for the surface resonance of the bulk vibrations. Moreover, a true surface optical mode was calculated to lie Hat along the two principal symmetry directions at about 15 meV, which was observed neither by HAS experiments nor by EELS studies.
In the present work we report on a combined experimental and theoretical study of low-energy Fig. 1 ).
Therefore phonon spectra can be observed also at large scattering angles corresponding to momentum transfers outside the first surface Brillouin zone (SBZ). As a consequence at any angle the absolute scattered intensity is low compared to that &om close-packed metal surfaces and time measurements longer than 1 h were required for a single TOF spectrum.
Apart from the Rayleigh wave (RW) dispersion curve we observed another acoustic branch at slightly higher energies. This is evident in the energy converted TOF spectra shown in Fig. 2 taken at four negative values of the polar angle 0,, = 55' -0;, between the (0,2) and (O, l) diffracted peaks. In the lower panel of the same figure we report the corresponding energy scan curves and data points on the extended SBZ, where the calculated dispersion curves are superimposed.
For these scattering conditions, phonon peaks with higher intensities are observed in the gain part of the TOF spectrum (phonon annihilation) in the second SBZ, where the scan curves intercept the dispersion curve of an acoustic wave.
Notwithstanding the presence of a decepton peak, two distinct acoustic branches are evident in the loss part of the spectra, where the scan curves enter the third SBZ. We note a quite large intensity of the upper branch phonons (hereafter labeled A2) at large phonon wave vector; close to the zone boundary they are much more intense than Rayleigh phonons (see the loss part of the spectra at 8;, = -9.5', -9.4', -9.3 ). We also observe that the Rayleigh phonons close to the zone boundary are only detected in the third SBZ. (110) Table I Fig. 4) and become more intense at half zone, as cav be seen in the loss part of the right spectrum 0;, = +4.5 in Fig. 4 ; in particular the coupling between He and the 02 vibration at half zone is strong enough to produce a small phonon evidence also at the lower beam energy (see spectra 0;, = +2.8', +3' in Fig. 3 ).
IV. CONCLUSION tensity is higher than RW intensity (see loss part of the spectra in Fig. 2 ). On the other hand, the intermediate acoustic branch (Al) is always polarized strictly horizontal with atomic motion parallel to the chains (shear mode) and cannot be observed in our scattering geometry for symmetry reasons.
The 01 phonons detected at 5 meV close to I' are not found to correspond to any calculated surface mode. We note that similar experimental evidence was also found on GaAs(110);i this mode was identified with a surface resonance of a bulk vibration by an analysis based on a bond charge model slab calculation, while, in the successive first-principles analysis, the occurrence of the surface resonance was considered only along the I'X direction.
In our case the calculations show a surface resonance almost totally polarized perpendicularly to the surface at I'; however, the calculated energy is found to be about 1 meV lower than the experimental points. Moreover, the resonance is expected to decay rapidly along I'Y, while He atom scattering has detected this vibration up to almost the half zone (see, for example, the loss part of the spectrum at 0;, = +3' in Fig. 4) GaAs(110) . In our case a surface optical mode has been observed whereas the corresponding vibration was not reported on GaAs, even if predicted by firstprinciples calculations. A discrepancy is found in the location of the surface resonance close to the I' point, which is found to lie 1 meV higher in energy than the calculated value. The calculated polarizations of the phonon waves are in good agreement with the qualitative aspect of the measured phonon spectra. In particular, the predicted changes in the polarization of the two acoustic branches and of the surface optical mode fully agree with the observed intensity variations of the corresponding phonon peaks.
